Adsorbent mesoporous materials are highly efficient for the remediation of different compounds in environmental applications such as organic, inorganic, and gas molecules. These compounds are removed by the traditional adsorption process in batch assessments. In this review, we report the recent progress on the MCM-41based mesoporous material syntheses and its strategic use as an adsorbent material for the removal of different pollutants. Also approached the main factors that affect its synthesis and the methods of functionalization most used to prepare the MCM-41-based functionalized mesoporous materials. On the other hand, the factors that affect the adsorption process were also investigated. In addition, it is possible to affirm that adsorption technology has attracted a lot of attention in the removal of environmental pollutants, mainly due to the fact that it is a technique that requires the use of few steps and equipment, easy operation, low cost, does not generate residues or by-products, eco-friendly, and high energy efficiency, which allow its wide application on the remediation processes.
Introduction
In the last decades, there has been a significant increase in the area of nanotechnology and nanoscience regarding the synthesis, characterization, evaluation of properties and wide range of applications in catalysis, adsorption, separation, control of environmental pollution, controlled release of drugs, and sensors aiming at improvement of quality of daily life of society. One of the most promising classes of nanoscale materials are mesoporous silicates that have attracted the attention of several researchers because of their potential applications [1] [2] [3] [4] [5] [6] [7] .
In the early 1990s scientists at Mobil Oil Corporation synthesized the first ordered mesoporous silicate materials which are known as the M41S family [7] [8] [9] . The term M41S is used to generalize the various types of MCM (Mobil Composition of Matter) synthesized under basic conditions in the presence of alkylammonium surfactants and a silica source whose pore size comprises the range of 3-10 nm [10] . The most well-known types of this class of materials include the MCM-41 (hexagonal structure, with space-group symmetry (P6mm) and unidirectional system of pores) [8, 9] , MCM-48 (cubic structure, with space-group symmetry (la3d) and pores interconnected in three-dimensional system) [9, 11] , and MCM-50 (lamellar structure, without space-group symmetry, consisting of silica layers in presence of double layers of surfactant [9, 12] . Fig. 1 shows the schematic representation of mesoporous materials of M41S family.
In 1998, the Santa Barbara Amorphous family (SBA) composed of silica-based materials, with well-ordered mesopores, was synthesized in strong acid medium. The materials discovered include the SBA-2 (hexagonal close-packed array), SBA-12 (three-dimensional hexagonal network), SBA-14 (cubic structure), SBA-15 (two-dimensional hexagonal), and SBA-16 (structured in cubic cage) [13, 14] . SBA-15 is the family member widely reported in the literature, due to its structural and textural features presented in the synthetized mesoparticles (with uniform pores of up to 30 nm) [15] [16] [17] [18] . from the distinction of size and shape molecular of the compounds. Thus, the zeolites and MCM-41 are characterized as molecular sieves [22] . According to the IUPAC definition, porous materials are divided into three classes depending of pore size: microporous (pore diameter < 2 nm), mesoporous (pore diameter between 2 and 50 nm), and macroporous (pore diameter > 50 nm) [23] . There was, however, a growing interest in the expansion of pore sizes of zeolite materials from the microporous region to the mesoporous region due to the increasing demand in industrial applications [24] [25] [26] . Despite some unsuccess attempts, only in 1982 was obtained the first so-called ultra-large pore molecular sieve, designated AlPO 4 -8, containing 14-membered rings [27, 28] . In fact, this not only surpassed the traditional point of view that the molecular sieves of zeolite could not be constructed with more than 12 ring members, but also stimulated investigations in other ultra-large pore molecular sieves such as VPI-5 with an opening of 18 tetrahedral rings, among others [24, 29, 30] .
In the early 1990s, Yanagisawa and collaborators synthesized mesoporous materials with characteristics similar to MCM-41 [31] . The methodological procedure was based on the long chain intercalation of alkyltrimethylammonium cations (typically C-16) into the layered silicate kanemite, followed by calcination to remove the organic compounds (surfactant). The preparation mechanism promoted a condensation of silicate layers and the formation of three-dimensional nanoscale porous structures. The success of the synthesis was confirmed by the 29 Si solid state NMR spectroscopy analysis, which indicated complete condensation of silica during the intercalation and calcination processes. On the other hand, the results reported by Yanagisawa and collaborators were not considered relevant due to the absence of corroborative characterization data.
Molecular sieves of M41S family consisting of silicate/aluminosilicate were discovered in 1992 by researchers from Mobil Oil Corporation [7, 8] . In general, these materials are prepared from the solgel process and use of a template. Three well-defined structural arrangements were identified after studying the effect of surfactant concentration in the prepared mesoparticles: hexagonal structure (MCM-41), cubic structure (MCM-48), and lamellar structure (MCM-50) as shown in Fig. 1 . Thus, the mesoporous molecular sieves of M41S family exhibit structural and textural characteristics that are quite different from those observed for zeolite materials. The mesoporous arrays contain little or no Brønsted acidity in their amorphous walls of about 10 Å. These thin amorphous walls can be a possible limitation for the thermal and hydrothermal stability of mesoparticles under some severe conditions. However, the structural ordering of mesoporous materials can be conserved with increasing hydrothermal synthesis temperature and/or time [9] . Due to these properties, M41S molecular sieves have attracted great attention in the catalysis area [6, [32] [33] [34] , separation [27, 35] , adsorption [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] , sensor [46, 47] , and controlled release of drugs [33, 48, 49] . 
MCM-41-based mesoporous materials
According to the results obtained in the Science Direct database from 1994 to 2018 ( Fig. 3 ), various studies have been published with mesoporous materials of M41S family. Nevertheless, MCM-41 has been the most investigated mesoporous material because the other members of this family are thermally unstable or difficult to obtain.
MCM-41-based mesoporous materials are composed of amorphous silica with large pores in the form of cylindrical channels. The pore diameter of mesoparticles can vary in the range of 1-10 nm, and MCM-41 has a high surface area around 1000 m 2 g⁻ 1 and pore volumes greater than 0.5 mL g⁻ 1 . It presents good thermal, hydrothermal, and hydrolytic stability [34, 50] . Due to these properties, the MCM-41 has attracted great attention especially in the area of adsorption.
MCM-41-based mesoporous materials can be prepared by a variety of synthetic routes. However the conventional method most used is hydrothermal one in a poly(tetrafluorethylene)-lined stainless steel autoclave [51] . Alternatively, the preparation of mesoparticles have been successful by microwave irradiation [52, 53] . The advantage of microwave irradiation is that this method allows higher yields, high purity, and higher rate of crystallization reaction when compared to the hydrothermal method [54] . Both methods are basically performed with a silica source [tetraethylorthosilicate (TEOS), silica gel, colloidal silica, sodium silicate or other], a porosity controlling agent that can be a cationic, anionic or neutral surfactant and, finally, water as solvent. Afterwards, the pH is adjusted and the solution is heated by hydrothermal or microwave irradiation [36, 37, 48, 55] . The final step of synthesis consists of calcination or extraction of obtained mesoporous material which gives high crystallinity and removal of the residual surfactant after washing the structure.
This mesoporous material can be characterized by different techniques such as transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray diffraction (XRD) or small-angle Xray scattering (SAXS), N 2 adsorption-desorption, and Fourier transform medium-infrared spectroscopy (FTIR). The TEM provides information with higher resolution of the morphology of mesoparticles, while the SEM provides information of lower morphology resolution [56, 57] . XRD or SAXS shows the crystal structure changes of MCM-41 caused by variations in synthetic parameters. The crystallographic mesopattern presents four indexed peaks (h, k, l) with decreasing intensity (100), (110) , (200) , and (210) characteristic of mesoporous materials with well-defined hexagonal network arrangement (MCM-41) [58, 59] .
The FTIR presents some typical absorption bands useful in MCM-41 characterization: stretching of OH bonds of adsorbed water molecules within the mesoporous matrix, as well as the stretching of silane groups (Si-OH) (3435 cm⁻ 1 ); flexion of OH bonds from water molecules (1647 cm⁻ 1 ); asymmetric Si-O-Si vibrations (1085 cm⁻ 1 ); symmetric Si-O-Si vibrations (802 cm⁻ 1 ); bending of Si-O-Si (470 cm⁻ 1 ) [38] . The efficiency of calcination or extraction process of template is seen by the absence of bands related to the organic surfactant in the surface of mesoparticles.
The surface area, pore diameter and volume of mesoporous material are determined by the study of nitrogen adsorption-desorption isotherms. The surface area is usually calculated using the relative pressure data by the Brunauer-Emmett-Tellet (BET) method [60] . On the other hand, the pore volume and size distribution are usually determined using the Barrett-Joyner-Halenda (BJH) method [61] . According to the IUPAC classification, most of mesoporous solids present one of the six types of adsorption isotherms. MCM-41 presents type IV isotherm with a marked increase in the volume of nitrogen adsorbed at the mean relative pressure (P/P o ) [38] . In the type IV isotherm occurs initially to the cover of a monolayer, the second layer of adsorption indicates the band of mesoporous of mesoporous matrix. The uniformity of pore diameters influences the occurrence or absence of hysteresis loop and the isotherm does not follow the same path for adsorption and desorption. Currently, IUPAC classifies six types of hysteresis loops [H1, H2(a), H2(b), H3, H4, and H5]. Each of these six types is reasonably related to certain characteristics of porous structure and underlying adsorption mechanism. Type H1 hysteresis is found in mesoparticles which exhibit a narrow range of uniform mesopores, such as MCM-41, MCM-48, and SBA-15. Normally, the network effects are minimal and the steep and narrow circuit is a clear signal of delayed condensation in the adsorption branch [62] .
Methods of synthesis
with distinct silica sources, surfactants, experimental conditions such as time, temperature, and pH [63] . In general, MCM-41 is prepared in the presence of a directing agent and a silica source. A mineralizing agent (sodium hydroxide or ammonium solution) is used to dissolve the silica and form silicate ions [64] . The high surface area, high thermal stability, and specific pore size distribution are favorable characteristics for the various applications of MCM-41-based mesoporous materials. Their physical structures are highly controllable from the desired properties, such as composition variations of solutions, concentrations, and temperature. Variations in the synthesis parameters alter some structures of mesoparticles, such as surface area, pore diameter, center-center distance, and pore size [65] .
Experimental conditions are determinant factors for the properties of MCM-41, since the condensation of silanol groups is influenced by the pH of reaction medium. In basic media, the preparation presents better condensation results of silanol groups, resulting in a well-ordered structure that provides high surface area. However, in acid media, there is better variation of morphological forms of mesoparticles [66] . Lin et al. [67] studied the presence of other bases instead of NaOH [68] and tetramethylammonium hydroxide [7, 8] . The methylamine, dimethylamine, ethylamine, and diethylamine bases in water were tested and showed higher surface areas and hydrothermal stability when compared to the materials synthesized with NaOH. On the other hand, Huo et al. [69] synthesized the MCM-41 in acid medium, with the presence of HCl and HBr in concentrations ranging from 5 to 9 mol L⁻ 1 . The results demonstrate that the textural properties were consistent with the mesoporous materials produced in basic media. Whole Silva et al. [70] presented a study of the synthesis of MCM-41 in fluoride medium. In this work, the mesoparticles were prepared using sodium silicate, surfactant, and water. The results obtained showed that the mesoporous material produced had high mesoporous arrangement and a high surface area between 1000 and 1100 m 2 g⁻ 1 .
Some techniques are being used to increase the hydrothermal stability of MCM-41 mesoparticles prepared. Zhai et al. [71] incorporated Al to the material with the addition of NaAlO 2 solution in the reaction mixture, resulting in considerably increase in the acidity on the surface of final product. While Tompkins and Mokaya [72] were able to thermally stabilize Al-MCM-41 with the addition of trace amounts of Al by the dry grafting method, Carrott et al. [73] prepared thermally stable Ti-MCM-41 materials with different Ti contents, and Lysenko et al. [74] increased stability and acidity of MCM-41 from the MCM-41/γ-Al 2 O 3 catalytic support in the presence of pseudoboehmite and modification with metal ions. On the other hand, Zhao and Lu [75] removed silanol groups by silylation using trimethylchlorosilane. The results showed that the surface chemistry was altered with the modification and the pore diameter was significantly reduced by silylation. Zhao et al. [76] reported the preparation of thicker pore walls and uniform materials from the use of amphiphilic triblock copolymer. Shi-quan et al. [77] presented different routes for pore engineering of spherical MCM-41 including hydrothermal post-synthesis treatment that resulted in better hydrothermal stability of mesoparticles produced. The use of expanders in the synthesis of MCM-41 causes structural modifications in their mesoparticles. These agents are voluminous organic molecules that are added in the reaction medium to increase the pore diameter, but result in low chemical and hydrothermal stability [78] .
The MCM-41-based mesoporous materials can be synthesized from different methods such as sol-gel process [67] , microwave heating [79] , and hydrothermal processing [80] . The conventional method used in the preparation of MCM-41 is the hydrothermal processing with the reagents placed in a poly(tetrafluorethylene)-lined stainless steel autoclave. Originally, MCM-41 was synthesized with the mixture of water, sodium silicate, and sulfuric acid under stirring. The resulting mixture was added to the surfactant C 16 H 33 (CH 3 ) 3 NOH/Cl to form a gel which was stirred for 0.5 h. Water was added to the gel and the mixture heated at 100°C for 144 h. The resulting solid was washed with water, filtered, and calcined for template removal [8, 81] . Ortiz et al. [82] presented a study of the hydrothermal synthesis of MCM-41 with variations of reaction conditions, such as material composition, temperature, and reaction time. The authors found the following conditions to be the best: CTAB/SiO 2 molar ratio from 0.53 to 0.71, reaction time of 110 h and temperature of 80°C.
An alternative method is microwave irradiation [52, 79] . According to Park et al. [52] , this procedure achieves higher yields, better purity, higher reaction rate, and crystallization when compared to the conventional method. MCM-41 mesoparticles can be obtained by microwave treatment of precursor gel at 100°C for 1 h, less time compared to the conventional method. In addition, the authors reported that the addition of small amounts of ethylene glycol improves crystallinity by reducing mesoparticle size.
On the other hand, Yilmaz et al. [43] reported the preparation of MCM-41 mesoparticles by the classical (hydrothermal) method and by ultrasound. For the ultrasound method, 35 kHz ultrasound was used for 1 h at 50°C in basic medium. The mesoporous material was formed in both methods. However, the mesoparticles synthesized by the classical method presented higher surface area, pore volume, and coherent unit cell parameters.
A common feature in all synthetic routes is the presence of a directing agent, surfactant or template. A director is an agent that guides the structure during synthesis, since the mesoparticles are formed around it. The most common conductors are quaternary ammonium ions with long alkyl chains that enable the formation of rod-shaped tubes during the preparation of MCM-41 mesoporous material. The driver is an organic molecule that has in its structure a polar (hydrophilic) and an apolar (hydrophobic) end composed of a hydrocarbon chain. The most common surfactant in the literature is cetyltrimethylammonium bromide (CTAB) used in basic media [83, 84] .
Schmidt et al. [39] reported the production of three samples of MCM-41 mesoparticles with different pore sizes of 18, 27, and 40 Å. To obtain variations in the pore size, the authors used different targeting agents: C 14 H 29 (CH 3 )NBr (sample 1 and 2) and C 8 H 17 (CH 3 ) 3 NBr (sample 3). In sample 1, mesitylene was added. Sample 1 had the largest pore size and surface area close to that of sample 2. The smallest pore size and surface area was found for sample 3. In this way, it is suggested that conducting agents with higher carbon chains will result in larger pore size of materials. Feuston and Higgins [85] showed that the decrease in pore size promoted by the choice of guiding agent increases the wall thickness of MCM-41.
In the preparation of MCM-41, the directing agent, depending on the application, must be removed prior to the use of material. In most cases, the synthesized mesoporous materials are thermally treated for removal in the presence of oxygen or air above 550°C. Other alternative methods have already been successfully tested, such as solvent extraction [86] [87] [88] [89] and methods with microwaves [90] . The removal of directing agent is a necessary process for the generation of pores and to provide some properties to the material uses, such as catalysts [91] and adsorption [37] . A technique used for this purpose is calcination [92] . Kruk et al. [93] studied the structure of MCM-41 with guider and calcined. Comparison of the data allowed to exclude the possibility of any appreciable structural degradation during calcination, suggesting that it is an effective means to remove the template from the mesoporous structure. In addition, calcination provides a consolidation of the formed hexagonal structure [94] . However, there are studies reporting that this process can lead to local defects and collapses the mesoparticle structure [95, 96] . In order to avoid such situations, the solvent extraction method is a non-destructive proposal to remove the template of internal structure of mesoparticles [86, 87] .
Marcilla et al. [97] presented a study with three ways of template removal: calcination and two distinct extraction processes, one with ethanol and another with H 2 O 2 . The results suggest that the three samples exhibit acceptable textural and structural properties. However, mesoparticles treated with a HCl/Ethanol mixture causes structure damage depending of experimental conditions, suggesting that hydrogen peroxide treatment is the best route for template removal.
There is a wide variety of methods for the preparation of MCM-41based mesoporous materials as previously provided. The choice of the experimental procedure to be adopted must follow the desired structural characteristics, such as pore size, surface area, wall thickness, homogeneity, crystallinity, active sites, and surface properties of mesoparticles. As a result of this, some factors influence the synthesis of MCM-41 mesoparticles, such as: crystallization temperature, silica source, solution pH, co-solvent use, surfactant type, and surfactant/ SiO 2 ratio. In addition, the removal process of template of internal structure of mesoparticles is an important variable in the synthesis of mesoporous materials. The use of calcination decreases the time to remove the template. On the other hand, this process can damage the ordered structure of mesoparticles [81] . The literature already presents alternative forms for this step in the synthesis, with milder temperatures or solvent extraction. However, they present as disadvantages more laborious procedures and require additional steps of drying for the total removal of solvents used in this process. In this way, the procedure to be adopted must meet the needs of the scientific work developed with an attempt to reduce additional steps and operational costs. Some of silicas and surfactants used in the literature for obtaining MCM-41 have been described below.
Amorphous silica is the wall-building unit of MCM-41-based mesoporous materials. Various silica sources can be used for the synthesis of mesoporous matrix, such as sodium silicate [98] and TEOS [95] . In addition, tetramethylorthosilicate (TMOS), sodium aluminate, aluminum sulfate, aluminum nitrate, metakaolin, and aluminum isopropoxide or silica are used as a silica and/or aluminum sources [84] .
Mody et al. [99] presented the synthesis of MCM-41 mesoparticles with sodium silicate in less than 3 h using a simple methodology at room temperature. Cai et al. [68] reported the preparation of MCM-41 with suitable textural properties using TEOS. Whole Corma et al. [100] presented the preparation of MCM-41 with amorphous silica and tetramethyl ammonium silicate as silica sources. The mesoparticles produced were modified with Ti and applied in the selective oxidation catalysis of hydrocarbons. In addition to the commercial silicas, other alternative materials were employed as an inexpensive alternative source of amorphous silica to produce MCM-41-based mesoporous materials of technological interest. Wang et al. [101] presented a synthesis route of mesoporous material with regular mesopores, high surface area, and wall thickness consistent with MCM-41. For its production, TEOS and metakaolin were used as a silica and aluminum sources. Siriluk and Yuttapong [102] presented the synthesis of MCM-41 using silica extracted from the rice husk ash. The crystallinity, porosity, and surface area were similar with a material produced from commercial sodium silicate.
On the other hand, Sanhueza et al. [103] obtained MCM-41 mesoporous material using diatomite and pumicite as an alternative silica. Du et al. [104] used montmorillonite and kaolinite as a silica sources to produce MCM-41. The materials exhibited high surface areas and pore diameters compatible with MCM-41 synthetized with commercial silica. In addition, the materials were tested in the remediation of Pb(II) and the mesoporous materials presented satisfactory results for the Pb(II) removal from aqueous solutions. Jiang et al. [105] successfully synthesized the MCM-41 using inexpensive kaolin as partial silica source. The mesoporous material presented thermal and hydrothermal stability compatible with materials from commercial silicas. In addition, the material was tested as a catalyst and the results proved to be efficient. Differently, Lvov et al. [106] prepared a thermal and mechanical stable composite (MCM-41/halloysite) by the incorporation of ordered MCM-41 on halloysite, which showed good catalytic and adsorbent results.
The silica used to produce the MCM-41 may offer different properties for the mesoparticles. The use of commercial silicas, such as TEOS or TMOS, is relatively expensive, as well as, brings some disadvantages, such as high cost and toxic effect. Research with alternative sources can be an attractive alternative to reduce impacts on the environment and human health. To be a candidate for silica source, the material must have high silica content coupled with low cost and toxicity and ecofriendly. There is still much to be discussed and researched in the field to obtain sustainable and inexpensive silica sources with high efficiency in the sustainable development of new advanced multifunctional materials [107] .
The surfactant that is used as a template to form the uniform porous structure is the key parameter that determines the shape of pores in the formation of amorphous silica structures. It is a molecule consisting of one hydrophilic and one hydrophobic part. According to the hydrophilic part, they can be classified as ionic and non-ionic. The anionics, in aqueous solution, have one or a few ionic groups producing negatively charged ions on the active surface. Yokoi and Tatsumi [108] reported that anionic surfactants are produced in large quantities, as well as being used in various applications because they have a relatively low cost. The cationics, in aqueous solution, have one or more ionizable groups that produce positively charged ions on the active surface. This is the class of surfactants most adopted by researchers. Wang et al. [109] presented the synthesis of MCM-41 mesoparticles with CTAB as template. The mesoporous material was produced near room temperature, but presented large pore volumes, specific surface areas, and typical hexagonal mesoporous structure of MCM-41. Amphoterals have in their structure acidic and basic radicals and in aqueous solutions they exhibit anionic or cationic characteristics, depending of the solution pH. Park et al. [110] reported that anionic surfactants are generally used in the preparation of MCM-41 mesoparticles, but few reports of mesoporous synthesis with amphoteric templates. The researchers successfully produced mesoporous materials with hexagonal ordered structure with an amphoteric surfactant of amino acid type [111] .
Léonard et al. [112] presented the synthesis of mesoporous materials with the non-ionic deacoxyethylene cetyl ether directing agent [C 16 (EO) 10 ]. The materials synthesized presented ordered structures at intermediate pH values, as the medium affects the silica hydrolysis, condensation rates, and surfactant-silica interactions. Whole Chen et al. [113] reported the use of two types of surfactants [CTAB (cationic) and sodium laurate (anionic)] in order to facilitate the formation of mesoparticles and to be considered a low-cost method. On the other hand, recently, our research group synthesized the MCM-41 mesoporous material by using hydrothermal method in the presence of 1-butyl-2,3dimethylimidazolium hexafluorophosphate ([BMMIM]PF 6 ) ionic liquid (IL) as template [51] .
The pore size of MCM-41 mesoporous material can be controlled by the size of the hydrophilic chain of surfactant or with the use of auxiliary organic compounds termed spacers. When these compounds are added to the synthesis gel, they solubilize into the micelles by the hydrophobic region causing an increase in the micelle diameter. Therefore, the increase of the pore diameter of material is achieved [114] . Another parameter that can be altered by the choice of surfactant is the pore wall thickness. The use of ionic surfactants causes strong electrostatic attraction between the template and the inorganic species resulting in a thicker-walled material. The pH of medium has little influence on this parameter. In addition, primary amines, with 8-18 carbons, were employed by Tanev and Pinnavaia [115] to increase the pore wall thickness providing greater thermal and hydrothermal stability. Wei et al. [116] proposed the synthesis of MCM-41 mesoparticles with small organic molecules. In similar systems, the pore diameter is defined by the concentration of organic molecules. The template removal can be performed by washing, solvent extraction or calcination. The advantage of this method is the easiness of template removal, as well as low cost of process [117] .
Methods of functionalization of mesoporous material
The surface modification of MCM-41-based mesoporous materials can be performed via functionalization of mesoparticles with inorganic or organic groups on the surface of mesoporous matrix. Properties such as hydrophilicity, hydrophobicity, acidity, basicity, and binding to guest can be promptly achieved and the modification of the bulk properties of mesoparticles, while at the same time, stabilizing the materials towards hydrolysis. The framework of MCM-41 mesoparticles have SiO 2 tetrahedra terminating in either siloxane (Si-O-Si) or silanol (Si-OH) groups on the surface. Both groups are reactive for functionalization, although the reaction with silanol groups is considered the main route of modification, since they provide unique anchoring sites for the functionalization of species within the pores of mesoparticles [118] . There are two strategies for the superficial functionalization of mesoporous matrix: (i) post-synthesis and (ii) co-condensation methods. Fig. 4 shows the different mechanisms of superficial modification of mesoporous materials.
Co-condensation
This method of superficial modification was proposed by Mann and collaborators [119] . In this one-pot synthetic method, the silica source and the functionalizing agent, such as metal ions or organosilane species, are added slowly in the reaction medium at the same time or in sequence so that they undergo hydrolysis and condense in around the structure directing micelles. Thus, the functionalizing agent can be incorporated homogeneously into the outer walls, as well as the internal structure of the mesopores of mesoporous matrix, resulting in the control of morphology of functionalized mesoparticles [120] [121] [122] . For example, Lee et al. [123] prepared the Mn-MCM-41 and Zr-Mn-MCM-41 mesoporous materials using a direct mixture of Mn [manganese (II) acetate] and Zr [zirconium (IV) isopropoxide] sources with the silica, Carrott et al. [73] used a mixture of tetraethoxysilane, titanium ethoxide in propan-2-ol, hexa-or octadecyltrimethylammonium bromide, and ammonia for the direct synthesis of Ti-MCM-41, while Bengueddach et al. [124] using a mixture of sodium aluminate and TEOS (Al and Si sources, respectively) in basic medium prepared Al-MCM-41 mesoporous material. Thus, all mesoporous materials showed high surface area and pore volume values, well-defined mesoporous structures, and thermal stability.
The stability of MCM-41 functionalized mesoparticles can be affected by the presence of defects in the structure matrix. These defects come from the metal ion or organosilane inside the walls. This limits the concentration of these modifiers on the surface because the higher the concentration more unstable the structure becomes. In addition, another disadvantage of this method is the subsequent surfactant removal through calcination. At elevated temperatures the destruction of covalently bound modifying functionality occurs. Therefore, the template removal could be performed using the solvent extraction in reflux.
Post-synthesis
The post-synthesis methods are various, such as: (i) impregnation, (ii) ionic exchange of surfactant, and (iii) immobilization, among others [122] . In the wet impregnation method, the volume of solvent added to MCM-41 is equal to its pore volume. While in the impregnation by evaporation, the amount of solvent added exceeds the pore volume of MCM-41 [125, 126] . In the indirect ion exchange method, during the synthesis of MCM-41 mesoparticles with cationic surfactant, the hydrophobic region of conductor, which has a positive charge, interacts with the pore surface of the mesoporous material through coulombic interaction. During the ion exchange process this interaction is broken and the cationic surfactant is replaced by a metal cation [122] .
The immobilization method is commonly employed because of its synthetic simplicity and flexibility in the introduction of surface groups, which is done after surfactant removal. A primary aspect is the [75] . The silanol groups are the active sites for the anchoring organic groups on the surface of mesoporous array. Ideally, an intermediate temperature for calcination (e.g., 350-550°C) is required for there to be a higher concentration of silane groups. At lower temperatures, a large number of silanol groups are not available for covalent anchoring due to hydrogen bonding and/or physically adsorbed water; finally, at high temperatures the silanols are lost due to condensation reactions [128] .
Superficial functionalization with organic groups after calcination is usually carried out by direct reaction of organosilanes with the silane groups. The advantages of this method are: the final structure of mesoparticles after the functionalization remains orderly, the resulting material presents high hydrothermal stability and the functional groups can be chosen according to the predetermined objectives [129] . For functionalization of mesopores, alkoxysilanes or chlorosilanes having short carbon chains as the spacer and functional end groups are generally used, such as amino, mercapto, and vinyl).
Studies with MCM-41-based functionalized mesoporous materials have presented a greater number of researches due to the variety of applications, especially in the area of adsorption. Modified mesoporous materials with organic groups are susceptible to higher adsorption of negatively charged dyes [37] . Park and collaborator reported that peak H 2 consumption of MCM-41 modified with Ni was 0.68% [130] . Therefore, the Brønsted acidity plays an important role in the adsorption studies of H 2 when compared to pure material. MCM-41 mesoparticles modified with mercaptan groups are important in the adsorption of heavy metals in environmental matrices. Different techniques are used to characterize the MCM-41 functionalized mesoporous material, such as N 2 adsorption and desorption, XRD, TEM, solid state NMR, FTIR, thermogravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS), among others. Table 1 summarizes the various functionalization methods, modifier groups, and the application of MCM-41-based mesoporous materials in recent years (2010-2019).
Applications of MCM-41-based mesoporous material
The MCM-41 mesoporous material, as well as the functionalized MCM-41 with different groups has been applied in most different applications in the literature. Based on this, Fadhli et al. [174] used the Ti/MCM-41 catalyst for enantioselective epoxidation of styrene. MCM-41 modified with Al (Al-MCM-41) is widely used as catalytic support because the Al-MCM-41 allows the diffusion and adsorption of large molecules (substrate and/or reaction products), such as polycyclic aromatic hydrocarbons, volatile organic compounds, and sulfur substances, due to its textural and structural properties [175] [176] [177] . Therefore, Karakhanov et al. [177] used the Al-MCM-41 support in the hydroconversion of 1-methylnaphtalene (1 MN), 2-methylnaphthalene (2 MN), and dibenzothiophene (DBT) compounds, and Vinokurov et al. [176] prepared the Al-MCM-41 support impregnated with lanthanum for the catalytic cracking of sulfur organic compounds.
On the other hand, Khan et al. [147] prepared the mixed matrix membrane (MMM) of the polysulfone acrylate with MCM-41-NH 2 for the CO 2 separation, and Qi et al. [46] used the MCM-41/polypyrrole hybrid film as humidity sensor. While, Patrushev and Sidelnikov [178] used the organic-inorganic MCM-41 as stationary phase for the separation of C 1 -C 4 hydrocarbons on the capillary columns, Jesus et al. [48] applied the MCM-41 in the efavirenz release system, and Li et al. [179] used the MCM-41 nanospheres on graphene oxide as fire retardant in the epoxy resin. Ulu et al. [163] prepared the epoxy-modified Fe 3 O 4 @MCM-41 as support for L-ASNase enzyme, Woszuk et al. [180] used the MCM-41 as additive for warm mix asphalts, and Mortera et al. [181] prepared the bioactive glass-ceramic scaffold from MCM-41.
As explained above, it is possible to observe that the MCM-41 has been used in the most varied technological applications and this is only possible due to its textural and structural properties already mentioned in the present work. Recently our research group used pure MCM-41 as sorbent in matrix solid phase dispersion (MSPD) method for the determination of pesticides in soursop fruit (Annona muricata) [36] , as well as evaluated the photoluminescent properties of the functionalized Ln-PABA-MCM-41 [170] . However, the focus of our group has been the development of the multifunctional mesoporous materials to be applied in the adsorption technology of organic and inorganic compounds. Therefore, this work was directed in a review of use of the MCM-41 mesoporous material as adsorbent material for the removal of organic and inorganic compounds.
Adsorption technology
In the literature there are several methods used for the remediation/ removal of organic and inorganic compounds, such as biotransformation in biological system [182] , photolysis [183] , filtration and/or ultrafiltration [184] [185] [186] , biofiltration [187, 188] , reverse osmosis [189, 190] , oxidation and/or coagulation [45, 191, 192] , dielectric barrier discharge reactor [193] , fuel cells [194] , ion exchange [195, 196] , electrokinetics [197, 198] , electrodialysis [199] , photocatalysis [200] , bioremediation [201, 202] , phytoremediation [203, 204] , and other. However, the adsorption technology is one of the most used for the removal of pollutants from different pollution sources. This wide use of the adsorption process, in detriment of the other remediation techniques cited, is due to the fact that this is a versatile method, economical, efficient, low-cost, easy to use, eco-friendly, does not generate waste or by-products, as well as allows the reuse of adsorbent and adsorbate after the removal process [37, 38] . Thus, in the present review, we cover the main uses of MCM-41-based mesoporous material in the remediation processes of organic and inorganic compounds, as well as gas molecules by adsorption mechanism.
Factors that affect the adsorption process
The adsorption process can be influenced by different factors, either alone or in a combination of these factors. Among the factors most studied in the adsorption processes we can highlight: (i) Solution pH: the adsorbents can present different ionic species in a wide range of pH values, as well as the surface of adsorbent mesoporous material can undergo alteration of surface charge from the pH variation of system. In this way, the adsorptive process can be governed directly by an electrostatic interaction mechanism between the adsorbent material and adsorbate; (ii) Initial concentration of adsorbate: the number of adsorbate molecules may have a positive effect on the adsorption efficiency of an adsorbent material. This behavior can be explained by adsorption process occurring mainly at the outermost active sites of mesoporous material surface when the initial adsorbate concentration was low, with migration towards sites deeper within the mesoporous material at higher initial adsorbate concentrations. This behavior was observed by some work of our research group in the removal of organic compounds [37, 38, 86, 87] . Moreover, it is possible to obtain relevant information about the maximum adsorption efficiency of an adsorbent material, as well as to make a more in-depth interpretation of the theoretical models of adsorption isotherms [38, 86, 87] ; (iii) Adsorbent amount: the adsorbent material amount is an important parameter that Titanium-Germanium Catalytic [173] can directly influence in the removal efficiency of a adsorbent during the removal process of the different adsorbates. The increase in the adsorption efficiency can be attributed to the increased availability of active sites from the adsorbent material that can be used for adsorption of molecules during the process [37] ; (iv) Contact time: the variation of contact time is an important parameter to be evaluated in the adsorption process, since from this study it is possible to obtain information of initial rate until adsorption equilibrium of process, as well as to do a more in-depth study of the theoretical models of adsorption kinetics [37, 38, 86, 87] ; (v) Temperature: the temperature is a very important parameter in an adsorption process in order to obtain information about the kinetic energy, mobility, solubility, and chemical potential of adsorbate molecules during the adsorption process, as well as to obtain valuable information about the thermodynamic parameters that govern the adsorption mechanism, mainly Gibbs energy (ΔG), enthalpy (ΔH), and entropy (ΔS) [37, 86, 87] . However, some works of group have shown that the removal efficiency of PAHs by the MCM-41 and PABA-MCM-41 mesoporous materials is not influenced by the variation of adsorption temperature [86, 87] .
Use of MCM-41-based mesoporous materials in adsorption process

Organic compounds
It is not today that researchers are concerned about environmental contamination with organic compounds, because many of these compounds are classified by Environmental Agencies as toxic, allergenic, pathogenic, carcinogenic, mutagenic, recalcitrant, non-biodegradable, teratogenetic, as well as in many cases, they act as endocrine disruptors or affect the hormonal control [37, 38, 86, 87, [205] [206] [207] . Therefore, these organic compounds can pose a danger to the living beings in general and can generate human health problems, as well as for ecosystems, because in many cases the wastes containing these compounds are improperly disposed or without due treatment.
In this way, these organic compounds come from different sources of pollution, such as discharges, petroleum spills, combustion of fossil fuels, automobile exhaust emissions, and nonpoint sources such as urban runoff, in the case of polycyclic aromatic hydrocarbons (PAHs) and volatile organic compounds (VOCs). Our research group has been developing some functionalized mesoporous materials from the functionalization of pure MCM-41 to be used in the removal of PAHs, for example, the Si-MCM-41 presented a removal efficiency of 90.40, 90.84, and 92.98% in the remediation of benzo[k]fluoranthene, benzo [b]fluoranthene, and benzo[a]pyrene, respectively [38] , in only 60 min of adsorption at 25°C. In turn, PABA-MCM-41 functionalized mesoporous material presented, at 25.0, 35.0, and 45.0°C, the removal percentage of 96.2, 96.3, and 96.4%, respectively, for the benzo[a] pyrene in 90 min until to equilibrium [86] . In this case, no significant differences were observed with the temperature increasing. Also, the pure MCM-41 presented the q e values of 12. Araújo et al. [208] found q m values of 0.69, 0.54, and 0.34 mmol g ₋1 at a temperature of 25, 40, and 60°C, respectively, in the naphthalene removal, as well as 1.26 (25°C), 1.01 (40°C), and 0.67 mmol g ₋1 (60°C) for anthracene, and 1.31 (25°C), 1.09 (40°C), and 0.76 mmol g ₋1 (60°C) for the pyrene removal by MCM-41. According to the authors, these results should be an exothermic nature of interaction of PAHs with mesoporous material, because the q m values obtained in the process decrease with increasing of adsorption temperature. In turn, Hu et al. [209] used the MCM-41-dry for the phenanthrene removal and obtained removal efficiency of 94% with an adsorbent amount until to 0.4 g L ˗1 . In this work, they showed that pH variation was insignificant. Some studies show the removal of aromatic organic compounds in wastewater or laboratory scale. For example, Yang et al. [210] obtained an aniline removal by C-MCM-41-3 of 94.52% at pH 1 with 4 g L ˗1 of adsorbent amount in 2 h. However, only 0.71% at pH 13. In this work it was possible to observe that the pH variation directly influenced the adsorption efficiency of mesoporous material, as well as Toor et al. [211] obtained 64.73% of removal of 4-aminobiphenyl by MCM-41 at pH 2. However, the MCM-41 presented an irrelevant efficiency at pH values between 6 and 9, due to changes in the surface charges of mesoporous material and 4-aminobiphenyl at different pH values. On the other hand, Sadeghi et al. [159] were able to remove more that 90% of chloroethyl phenyl sulfide (CEPS) using the Pb-MCM-41/ZnNiO 2 mesoporous nanocomposite adsorbent. They observed an increase in the adsorbent material efficiency with increasing of dose and time of adsorption, but the efficiency decreased with increasing CEPS concentration.
Some works also report the removal of organic compounds from of tanning and textile industries (e.g., dyes, ethylenediaminetetraacetic acid), as well as nuclear power plant (e.g., oxalic acid, picric acid). In this sense, our research group tested the adsorption efficiency of functionalized mesoporous material (NH 2 -MCM-41) in the removal of remazol red dye and found a maximum adsorption efficiency of 99.1% (q e = 45 mg g ˗1 ). We also observed that the adsorption capacity of functionalized mesoporous material increased with adsorption time, NH 2 -MCM-41 amount, temperature, and dye concentration, but decreased when the solution pH was higher [37] . The same behavior was observed by Zhou et al. [212] in the removal of methylene blue by Al-MCM-41. However, in this case, the adsorption capacity increased with increase of solution pH and decreased at high temperature. Thus, the maximum adsorption capacity values (q m ) found at temperatures of 298, 308, and 318 K were 277.78, 276.24, and 272.48 mg g ˗1 , respectively, at pH 10. Wu et al. [213] obtained maximum adsorption capacity of 140.60 mg g ˗1 (25°C), 134.78 mg g ˗1 (30°C), and 133.33 mg g ˗1 (40°C) for fuchsine (pH 2) and 278.38 mg g ˗1 (25°C), 224.54 mg g ˗1 (30°C), and 203.56 mg g ˗1 (40°C) for acid orange II (pH 3) in the remediation by NH 2 -MCM-41. However, it was observed in this work that the adsorption capacity decreased with increasing NH 2 -MCM-41 amount. On the other hand, Shu et al. [214] achieved a maximum adsorption efficiency of methyl blue of 121.34, 157.48, 181.82, and 189.04 mg g ˗1 at 15, 25, 50, and 80°C, respectively, employing 20 mg of Ni-MCM-41 at pH 6.32.
Ethylenediaminetetraacetic acid (EDTA) and oxalic acid are widely used industrially as a chelating agent. However, the presence of these compounds in wastewater may present serious environmental problems. Gokulakrishnan et al. [215] used the Al-MCM-41 for the EDTA removal. The authors obtained a removal efficiency of EDTA of 89.8% in 150 min of adsorption with Al-MCM-41 (Si/Al = 25). The same author [216] obtained adsorption capacity values of oxalic acid with Al-MCM-41 (Si/Al = 25) of 58.5, 45.6, 36.3, 28.6, 22.7, 19.0, and 16.7 mg g ˗1 at pH 1, 3, 5, 7, 9, 11, and 13, respectively. Another toxic organic compound from explosives and textile factories that makes it difficult to reuse wastewater is picric acid [217] . Sepehrian et al. [217] obtained more than 82% of picric acid removal at an initial time of 2 min with the UC-MCM-41 adsorbent. In this work, it is possible to observe that the pH increases from 4 to 5 and 6 caused a decrease in the removal efficiency of picric acid by UC-MCM-41 adsorbent.
Pharmaceutical and personal care products (PPCPs) are other sources of organic compounds that can cause contamination, even in low concentration, in fresh water intended for human consumption, as well as to aquatic organisms. These drugs are water soluble and are not completely absorbed by human metabolism and thus being able to reach water bodies in various ways [205] . Therefore, numerous studies have been carried out in the application of mesoporous materials for the removal of these compounds. Akpotu and Moodley [205] used the ASM41 (as-synthesized MCM-41), MCM-41-GO, and MCM-41-G mesoporous materials for removal of acetaminophen and aspirin, and it was found experimental q e values of 1.81, 6.46, and 10.9 mg g −1 for the acetaminophen and of 33.0, 8.11, and 9.68 mg g −1 for the aspirin, respectively, for the ASM41, MCM-41-GO, and MCM-41-G mesoporous materials. It is also possible to observe that pH alteration had little influence on the acetaminophen adsorption by ASM41, MCM-41-GO, and MCM-41-G, as well as in the aspirin removal by ASM41 and MCM-41-GO. However, the adsorption efficiency of MCM-41-G decreased with increasing pH from 2 to 10. Chen et al. [206] obtained the maximum adsorption capacity for the norfloxacin by Fe-MCM-41 of 134.26, 102.90, and 109.34 mg g −1 in the temperature of 288, 298, and 308 K, respectively, in approximately 30 min of adsorption at an optimum pH of 7. Gao et al. [218] used the Pr-MCM-41 for the adsorption of estrone (E1), 17β-estradiol (E2), and 17α-ethinyl estradiol (EE2) and the mesoporous material presented the maximum adsorption capacity of 88.38, 86.91, and 119.87 mg g ˗1 in the removal of E1, E2, and EE2, respectively, with the equilibrium time of adsorption of approximately 20 min, pH 7, and temperature of 25°C.
Guo et al. [219] obtained a maximum adsorption capacity of 526.3 mg g −1 in the tetracycline removal by Fe-MCM-41-A, in 1 h of adsorption (pH 5 at 25°C), while Liu et al. [220] found a value of 419 mg g −1 in the removal of the same compound by A-MCM-41 (optimum pH 3 and 323 K). On the other hand, Hossain et al. [221] obtained a removal capacity of urease of 102 mg g ˗1 (pH 7.2) with PE-MCM-41. Katiyar et al. [222] showed a removal efficiency of more than 150 mg g ⁻1 of bovine serum albumin (pH 5) and of 255 mg g ⁻1 of lysozyme (pH 7.6) using the MCM-41, while Sun et al. [223] achieved maximum adsorption capacities of DNA of 44.7, 42.7, and 36.7 mg g ˗1 for the Al 3+ -MCM-41, La 3+ -MCM-41, and Zn 2+ -MCM-41, respectively.
The indiscriminate use of agrochemicals in agricultural from various crops has significantly increased the contamination of environment with these highly toxic compounds. On the face of it, some research is being carried out with the objective of improving the removal process of these compounds of environment from the adsorption technology. Tian et al. [224] used the MCM-41 for the removal of 1,1,1-trichloro-2,2bis(p-chlorophenyl)ethane (DDT) and obtained a removal efficiency of~92% after 36 h of adsorption using 50 mg of the adsorbent. Brigante and Avena [225] observed that the adsorption of dicationic herbicide paraquat (PQ 2+ ) by MCM-41 SiO 2 increase as pH increases and with temperature decrease. Thus, the maximum adsorption capacity was 416 μmol g ˗1 .
Another environmental problem is the processes of treatment and disinfection of water, because in some of these processes can lead to the generation of disinfection byproducts by reactions with natural organic matter (aquatic humic substances) present in the water bodies [226, 227] , as well as the high level this byproducts in aquatic environments can be caused serious public health problems [228] . Therefore Table 2 catalogues the variety of MCM-41-based mesoporous materials that have been investigated for the removal of various organic compounds.
Inorganic compounds
The rampant industrial development, as well as the dynamics of population growth, have considerably elevated environmental contamination with toxic metals considered, as many of these are classified as bioaccumulation, non-biodegradability, toxic at very low concentration, persistent, and carcinogenic [248] [249] [250] . These metals can come from most different forms of pollution, mainly automotive [251] , galvanic [252] , electrical [250] , fuel [249] , dye and pigment [253] , metallurgy [254] , leather [255] , nuclear industries [256] , and other.
In view of these characteristics, the undue disposal of these metals can be a constant threat to environment and humans. In this way, many studies have shown the application of MCM-41 as adsorbent material for the removal of heavy metal. Boojari et al. [254] obtained q m values of 133.3 and 102.1 mg g ˗1 in the As(Ш) and As(V) removal by α-Fe 2 O 3 / MCM-41, respectively, at a temperature of 298 K and equilibrium time of approximately 240 min. It is also possible to observe that the increase in the temperature has shown a reduction in the adsorption efficiency of α-Fe 2 O 3 /MCM-41 for the two metal species, but the increase in pH had a negative influence in the As(V) adsorption, whereas pH 7 was ideal for the As(III) removal. Benhamou et al. [255] used of MCM-41 for the Cr(VI) and As(V) removal, whose q m values obtained in the pH 3.1 were of 25.2 and 18.0 mg g ˗1 in the Cr(VI) and As(V) removal. While that Chen et al. [257] [260] presented a value of q m = 179.43 mg g −1 also in the Hg 2+ removal by a functional hybrid mesoporous composite material, and Eanche et al. [261] removed 129.87 and 138.88 mg g −1 of Pb(II) with MCM-41 and MCM-41@salen mesoparticles, respectively. The use of mesoporous materials for the removal of radioactive species is also reported in the literature. Sert and Eral [256] reported a maximum adsorption capacity of uranium of 625 mg g −1 by NH 2 -MCM-41, while Sepehrian et al. [262] presented a value of only 18.08 mg g −1 using pure MCM-41 mesoporous material. On the other hand, Guo et al. [263] showed that the MCM-41and MCM-41-SH have a maximum adsorption of 15 and 30 mg g −1 of Cs removal, respectively. Table 3 shows some MCM-41-based mesoporous materials that were used for the remediation of various inorganic compounds.
Gases
One of the main problems related to the emission of gases in the atmosphere can be said to be the release of greenhouse gases, which can contribute significantly to the increase of global warming. Of the socalled greenhouse gases, we can highlight the carbon dioxide (CO 2 ), which comes mainly from the combustion of fossil fuels [131, 133] . The increase in the atmospheric pollution can also be caused by the emission of other gases, such as BTEX (benzene, toluene, ethylbenzene, and xylene), which can also cause serious problems for humans and environmental [284] ; SO x gases, which are responsible for acid rain [285] ; gaseous polycyclic aromatic hydrocarbons (PAHs), these compounds are highly toxic, carcinogenic, and/or mutagenic [286] , among others.
In view of the above problems, it is possible to observe that in the literature there are several works devoted to the study of gas removal and/or storage from the use of materials with mesoporous array. Zhou et al. [287] found adsorption capacity of CO 2 of 4.08 mmol g −1 (100 kPa and 298 K) using the 5A-MCM-41 composite, Wang et al. [288] obtained, receptively, adsorption efficiency of 2.45 and 3.50 mmol g⁻ 1 (15 vol% CO 2 , 70°C) using MCM-41-TEPA60% and MCM-41-APTS30%-TEPA40% mesoporous materials, Tari et al. [289] using the MCM-41 and MCM-41/Cu(BDC) composite for the removal of CO 2 Table 4 presents some MCM-41-based mesoporous materials that were used for the removal of gaseous compounds. 
Conclusions
In this work, the most recent research progress on the adsorption of organic, inorganic, and gas compounds by MCM-41-based mesoporous material has been thoroughly reviewed, as well as the main variables in the preparation of mesoporous materials and the methods of functionalization most used to prepare MCM-41-based functionalized mesoporous materials and finally the factors that affect the adsorption process. In view of this, it is possible to state that adsorption technology has attracted a lot of attention in the removal of environmental pollutants, mainly due to the fact that it is a technique that requires the use of few steps and equipment, easy operation, low cost, does not generate residues or by-products, and high energy efficiency, allowing the use of this technique in environmental remediation process. This work demonstrates that satisfactory progress has been achieved in the adsorption technology of the most different pollutants and in the most different pollution sources from the use of mesoporous materials, especially MCM-41-based mesoporous arrays, considering the main textural and structural features of MCM-41, which allow its wide application in the adsorption technology.
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